Air pollution may increase cardiovascular and respiratory risk through inflammatory pathways, but evidence for acute effects has been weak and indirect. Between December 2014 and July 2015, we enrolled 36 healthy, nonsmoking college students for a panel study in Shanghai, China, a city with highly variable levels of air pollution. We measured personal exposure to particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ) continuously for 72 hours preceding each of 4 clinical visits that included phlebotomy. We measured 4 inflammation proteins and DNA methylation at nearby regulatory cytosine-phosphate-guanine (CpG) loci. We applied linear mixed-effect models to examine associations over various lag times. When results suggested mediation, we evaluated methylation as mediator. Increased PM 2.5 concentration was positively associated with all 4 inflammation proteins and negatively associated with DNA methylation at regulatory loci for tumor necrosis factor alpha (TNF-α) and soluble intercellular adhesion molecule-1. A 10-μg/m 3 increase in average PM 2.5 during the 24 hours preceding blood draw corresponded to a 4.4% increase in TNF-α and a statistically significant decrease in methylation at one of the two studied candidate CpG loci for TNF-α. Epigenetics may play an important role in mediating effects of PM 2.5 on inflammatory pathways. DNA methylation; fine particulate matter; inflammation; mediation analysis; panel study; personal exposure Abbreviations: CI, confidence interval; CpG, cytosine-phosphate-guanine; CVD, cardiovascular disease; PM, particulate matter; PM 2.5 , particulate matter having an aerodynamic diameter less than or equal to 2.5 μm; RD, respiratory disease; sCD40L, soluble cluster of differentiation 40 (CD40) ligand; sICAM-1, soluble intercellular adhesion molecule-1; TNF-α, tumor necrosis factor alpha.
Epidemiologic studies document associations between both acute and chronic exposures to fine particulate matter (particulate matter (PM) having an aerodynamic diameter of 2.5 μm or less (PM 2.5 )) and morbidity and mortality from cardiovascular disease (CVD) (1) (2) (3) (4) (5) and respiratory disease (RD) (2, (5) (6) (7) . Acute effects are evident in "natural experiments." For example, the air-pollution disaster in London in 1952 brought many-fold increases in death from bronchitis and other RD during its worst week (5) , and cardiac death rates increased 3-fold (5) .
Inflammatory processes are believed to be involved in PMinduced cardiovascular and respiratory health problems (8) (9) (10) (11) . For example, Barraza-Villarreal et al. (8) studied school-age asthmatic children and found that acute exposure to PM 2.5 was both positively associated with fractional exhaled nitric oxide, a biomarker for airway inflammation and interleukin-8, and negatively associated with forced vital capacity. Pope et al. (9) proposed that pulmonary and systemic inflammation also link long-term PM exposure and cardiopulmonary mortality, based on American Cancer Society data. Biomarkers of inflammation are positive for both CVD (12) (13) (14) (15) (16) (17) and RD (15) , including tumor necrosis factor alpha (TNF-α) (12) , soluble intercellular adhesion molecule-1 (sICAM-1) (13), soluble cluster of differentiation 40 (CD40) ligand (sCD40L) (14) , and interleukin-6 (15) .
In considering biological pathways by which PM 2.5 could induce inflammation, DNA methylation at sites regulating gene expression could play an important role (18, 19) . Several recent studies have reported PM 2.5 -related reductions in DNA methylation in noncoding repetitive elements, including long interspersed nuclear element-1 (20) and Alu (21), a short interspersed nuclear element, both of which are considered surrogates for global methylation. However, few epidemiologic studies have investigated the associations between PM 2.5 and short-term changes in methylation at specific sites in the DNA, where a cytosine nucleotide is followed by a guanine nucleotide in the sequence of bases along the 5′ to 3′ direction and the nucleotides are separated by 1 phosphate (cytosine-phosphate-guanine (CpG)), that regulate inflammation responses (19, (21) (22) (23) (24) . In addition, most epidemiologic studies have relied on outdoor, fixed air-quality monitoring stations, which poorly approximate individual exposures, which in turn depend on patterns of daily activity and microenvironments (25, 26) .
We carried out a panel study of healthy nonsmokers residing in Shanghai, China, to evaluate short-term associations between individually monitored PM 2.5 and repeated bloodbased measurements of inflammation proteins (TNF-α, sICAM-1, sCD40L, and interleukin-6) and methylation at corresponding candidate upstream regulatory CpG sites. Our hypothesis was that the recent elevations in PM 2.5 would be associated with increases in the inflammation proteins and reductions in methylation at their CpG loci. We described the time course for associations and estimated indirect effects mediated by methylation at specific measured loci.
METHODS

Study population
We recruited 36 healthy college students with approval of the institutional review board in the School of Public Health, Fudan University (IRB No. 2014-TYSQ-09-1). All participants and their roommates were nonsmokers and provided written informed consent before enrollment. Thirty-one were from the Fenglin campus of Fudan University, and 5 came from the Xuhui campus of East China University of Science of Technology, which is 6.5 km away from the Fenglin campus (see Web Figure 1 , available at https://academic. oup.com/aje). Figure 1 describes the longitudinal panel study design. Participants were partitioned into 3 groups of about 12 per group, to enable sharing the available personal PM 2.5 monitoring devices, and achieve wider variation in air pollution levels by spanning more seasons. All participants consented to wear a monitor and then be clinically studied 4 times, with about 2 weeks between assessments. Fieldwork occurred between December 17, 2014, and July 11, 2015. Participants completed an enrollment questionnaire, providing information on age, sex, height, weight, health conditions, and medication use. Each round included 72 hours of continuous monitoring. To avoid spurious findings due to weekly activity patterns and also to enhance the temporal variation in recent exposure to PM 2.5 , we varied the day of the week for the scheduled clinical visit across each individual's rounds.
Study design
On day 1, participants came to Fudan University between 10:00 and 11:00 AM to start their PM 2.5 monitoring, using a MicroPEM, version 3.2 (Research Triangle Institute, North Carolina) (Web Figure 2) . The monitoring device was carried in a vest pocket, with air intake in the breathing zone. On day 4, participants returned their monitoring equipment and had a health examination, which included phlebotomy.
Personal exposure measurement
The MicroPEM is a lightweight (<240 g), small (67 × 40 × 95 cm), low-noise personal exposure monitor with an onboard micronephelometer, which we set to record PM 2.5 concentration every 10.0 seconds. A rubber intake tube draws air from the breathing zone of the wearer (see Web Figure 2 MicroPEM reportedly correlates well (R 2 > 0.99) with the TSI DustTrak (Shoreview, Minnesota) (27) . We also attached a HOBO Data Logger (Onset Computer Corporation, Bourne, Massachusetts) on the rings of the vest to simultaneously monitor local temperature and relative humidity (Web Figure 2) .
Participants were asked to wear the vests (carrying the MicroPEM and HOBO) continuously throughout each monitoring interval, except when sleeping, taking a shower, or engaging in strenuous sports activities, during which times the vests were to be hung at the level of the breathing zone near the site of the activity.
Blood-based measures
We drew blood between 10:00 and 11:00 AM on day 4 of each round, using 2 different kinds of blood collection (BD, Mississauga, Ontario, Canada). One tube (4 mL) was used for isolating serum and another tube (2 mL) was used for collecting whole blood and extracting DNA.
The first tube was kept in a water bath (37°C) for 10 minutes and then centrifuged at 4,000 rpm for 10 minutes. Serum was then extracted, transferred into a 1-mL microtube (Nunc Inc., Naperville, Illinois), and promptly transferred to −80°C for storage. Those procedures were completed within 30 minutes after blood collection. We measured serum levels of 4 inflammation proteins: TNF-α, sICAM-1, sCD40L, and interleukin-6, all of which have been linked with acute exposure to PM 2.5 in population-based studies (11, 28) . We measured TNF-α and sICAM-1, using the Millipore MILLIPLEX MAP human cytokine/chemokine kit (Millipore Corp., Billerica, Massachusetts). We measured sCD40L and interleukin-6 using enzyme-linked immunosorbent assays. All proteins assays were performed according to manufacturer's instructions. The mean (across standards) coefficients of variation ranged from 0.55% to 22.85%. We also assessed acute associations between PM 2.5 and Creactive protein (16, 17) , interleukin-6 (15, 17), and P-selectin (29) , but those 3 proteins did not have candidate CpG sites for methylation.
The second blood sample was transferred to our laboratory immediately and stored at −80°C. We selected candidate CpG loci for TNF-α, sICAM-1, sCD40L, and interleukin-6 based on published literature (30) (31) (32) , as listed in Web Table 1 , with primer sequences listed in Web Table 2 . DNA methylation was quantified with bisulfite polymerase chain reaction and pyrosequencing. The degree of methylation was expressed as methylated cytosines over the sum of methylated and unmethylated cytosines at the position (% 5-methylcytosine). For quality control, 2 wells on each plate contained oligonucleotide with known methylation. To verify bisulfite conversion efficiency, 5% pairedreplicate controls were also used in every assay. The coefficients of variation ranged from 0.36% to 9.06%. In addition to these 4 genes, we examined acute associations of PM 2.5 with methylation related to toll-like receptor 2 (33).
Statistical methods
Personal PM 2.5 measurements were averaged over time intervals, retrospective from the hour of blood draw. Because there were repeated measures for all participants, the associations between window-averaged PM 2.5 and the protein level and the corresponding DNA methylation were evaluated using linear mixed-effect models, with a random intercept for each person. Thus each individual served as his or her own control over time (34) . Protein levels were natural log-transformed. The window-averaged PM 2.5 values were entered as fixed-effect predictors, one at a time. Nonlinear models were not considered.
We considered lagged intervals of 0-24 hours, 25-48 hours, and 49-72 hours, which smoothed out the circadian variation. The linear mixed-effect models adjusted for age, sex, body mass index (weight (kg) divided by height (m) squared), and time-varying temperature, humidity, day of the week, and season. Temperature and humidity were averaged over the corresponding time intervals. We also adjusted for protein and methylation measures per experimental plate. To explore a range of possible lags, we also fitted a series of models with PM 2.5 averaged over sliding 12-hour intervals prior to the time of blood draw (0-12 hours, 1-13 hours, . . ., 60-72 hours).
Mediation is plausible if there is a relationship between the outcome and the exposure, between the mediator and the exposure, and between the outcome and the mediator after adjusting for the exposure (35) . When judged to be plausible, we estimated the indirect effect of PM 2.5 (i.e., the proportion of the effect that is mediated by methylation at the candidate CpG locus (36)) using the change-in-coefficients method of Baron and Kenny (35) . All analyses were conducted with R, version 2.15.3 (R Foundation for Statistical Computing, Vienna, Austria), using the lme4 package.
RESULTS
Data description
Fourteen men and 22 women, with an average age of 24 years, enrolled. Body mass index ranged from 16.2 to 31.3, with an average of 21.2. Repeated questionnaires revealed that participants did not smoke, drink alcohol, participate in strenuous physical activity, take medication/supplements, or experience apparent infection within 1 week of any scheduled physical exam. There were no missing data in the follow-up examinations except that 1 participant missed the last visit. Thus we eventually obtained data for 143 repetitions of the protocol. Table 1 shows descriptive statistics for personal exposure to PM 2.5 , temperature, and relative humidity. There was substantial within-individual variation in PM 2.5 exposure levels (μg/m 3 ), with standard deviations of 40.1, 33.2, and 24.3 for lag days 1, 2, and 3. Thus, individuals experienced a wide range of exposure for each lag time.
Because the TNF-α measure (38.88 pg/mL) for 1 participant's first visit was more than 5 standard deviations above the median of observed values, we excluded that single outlier in our analysis. Table 2 provides descriptive statistics for the 4 proteins targeted, and the correlation coefficients for pairs of these proteins within and among individuals are shown in Web Table 3 . Table 3 summarizes the methylation data for the candidate CpG loci. The methylated proportions differed across loci and across time for individuals. The correlation coefficients of methylation for pairs of CpG loci for each specific gene within and among subjects are shown in Web Table 4 , showing that the candidate loci tended to change over time in synchrony within individuals. The correlation coefficients for the 4 proteins versus the DNA methylation levels at corresponding upstream candidate CpG sites are shown in Web Table 5 .
Results of basic models Figure 2 shows that increases in PM 2.5 exposure were associated with increases in all 4 inflammation proteins, occurring within 24 hours for TNF-α and sICAM-1, at lag 25-48 hours for sCD40L, and persistently across the 72 hours for interleukin-6. For example, a 10-μg/m 3 increase in personal exposure to PM 2.5 was associated with increases of 4.4% (95% confidence interval (CI): 1.7, 7.0) in TNF-α, 1.9% (95% CI: 0.4, 3.5) in sICAM-1, and 4.1% (95% CI: 1.2, 6.9) in interleukin-6, at lag 0-24 hours and with an increase of 8.8% (95% CI: 2.8, 14.8) in sCD40L at 25-48 hours. Web Table 6 shows those changes and corresponding estimates for C-reactive protein, P-selectin, and monocyte chemoattractant protein-1.
As shown in Figure 3 , PM 2.5 exposure was associated with decreased methylation for TNF-α at locus 2, and for ICAM-1 at all 3 loci, within 24 hours of exposure. For example, a 10-μg/m 3 increase in personal exposure to PM 2.5 was associated with decreases of 0.7 (95% CI: 0.2, 1.2) in TNF-α methylation (% 5-methylcytosine) and 0.1 (95% CI: 0.0, 0.2) in ICAM-1 methylation (% 5-methylcytosine), both at locus 2 at lag 0-24 hours. Associations between acute exposure to PM 2.5 for these 4 genes and toll-like receptor 2 methylation at selected loci are shown in Web Table 7 .
Web Figures 3 and 4 show estimated associations between personal PM 2.5 exposure and 4 proteins and corresponding DNA methylation plotted against the midpoint of the 12-hour exposure intervals.
Mediation analyses
In line with our hypothesis, PM 2.5 exposure was positively associated with TNF-α and negatively associated with TNF-α methylation at its second locus at lag 0-24 hours (Figures 2 and  3 ). Findings were similar for sICAM-1 and ICAM-1 methylation at all 3 loci within the first 24 hours. The existence of both "direct" and "indirect" effects of recent exposure to PM 2.5 on TNF-α was suggested by the finding that an association between PM 2.5 exposure and TNF-α remained evident after adjustment for methylation and also an association with TNF-α remained evident after adjustment for PM 2.5 . By contrast, for all 3 CpG loci of ICAM-1 on sICAM-1, there was no evident association between methylation and the protein after adjusting for PM 2.5 (data not shown). Therefore, we considered only the potential pathway for TNF-α mediated by methylation at locus 2 and estimated the proportion of the short-term effect of PM 2.5 exposure on TNF-α that is mediated through methylation at locus 2. Assuming there is no uncontrolled confounding (37), we estimated that reduced methylation at locus 2 mediated 14.0% of the association between PM 2.5 exposure and the elevation in TNF-α.
DISCUSSION
In our panel study of 36 healthy, nonsmoking students in Shanghai, China, we found that short-term changes in PM 2.5 exposure were positively associated with inflammation-related protein biomarkers and negatively associated with methylation at upstream regulatory candidate CpG loci, supporting our hypothesis that short-term effects are mediated by epigenetics. The evident epigenetic responses usually occurred within 12 hours of exposure.
Although the association of PM 2.5 with both TNF-α and with methylation at a nearby CpG locus, along with the association between methylation at that locus and TNF-α, taken together suggest the triangular directed acyclic graph that would be consistent with the notion that methylation at locus 2 indirectly mediates an effect of PM 2.5 exposure on TNF-α, the 14% estimate for the indirect effect must be treated as highly provisional. Formal mediation analysis rests not just on the linearity in our model (which is itself questionable) but also on a number of unverifiable no-confounding assumptions. One assumption that seems unlikely to hold for this analysis is that there is no unmeasured confounding between the mediator and the outcome. While all of our study subjects were nonsmokers with nonsmoking roommates, exposures other than PM 2.5 air pollution probably influence both locus 2 methylation and TNF-α, which would imply uncontrolled confounding of the mediator/outcome relationship. Another problem is likely measurement error in the exposure (38) and/or in the mediator, which can cause either underestimation or overestimation of mediation effects.
Previous studies that relied on ambient fixed-site monitors to assess recent PM 2.5 exposure were much more subject to errors in dosimetry (11) . Nonetheless, Schneider et al. (11) found that ambient PM 2.5 exposure was associated with increases in TNF-α (13.1% per 10 μg/m 3 (95% CI: 1.9, 24.4)) and interleukin-6 (20.2% (95% CI: 6.4, 34.1)) at a lag of 2 days in persons with diabetes. Also in Shanghai, a longitudinal panel study of persons with type 2 diabetes demonstrated that ambient PM was associated with a short-term increase (1-2 days) in circulating biomarkers of interleukin-1b, interleukin-10, P-selectin, and Creactive protein (39) . A panel study from Taipei, Taiwan, which used personal dosimetry, found an association between highsensitivity C-reactive protein and PM 2.5 (40) .
There is increasing empirical support for a role of inflammation in CVD/RD. For example, higher levels of TNF-α were correlated with an index of severity of peripheral arterial disease (41) and also linked with atherosclerosis in otherwise healthy middle-aged men (12). Ridker et al. (13) observed elevated risk of myocardial infarction in participants with baseline sICAM-1 concentrations in the highest quartile. Schönbeck et al. (14) found that women with sCD40L concentrations above the 95th percentile had subsequent increased risk of CVD events (relative risk = 3.3; 95% CI: 1.2, 8.6). There is also evidence for respiratory effects. Donaldson et al. (15) found that patients with COPD whose interleukin-6 level exceeded the median had a faster decline in lung function. Meanwhile, several studies in addition to the London smog event already noted have shown a strong association between acute exposure to particulate air pollutants and the occurrence of cardiovascular and respiratory events. A time-series study in Hong Kong estimated that each 10-μg/m 3 increment of PM 2.5 in daily mean concentration was associated with a 0.6% (95% CI: 0.2, 1.0) increase in overall respiratory mortality and a 0.7% (95% CI: 0.1, 1.2) increase in pneumonia mortality, at lag 2 days (42). Pope and Dockery (43) estimated, based on ambient measurements, that a 10-μg/m 3 increase in mean 24-hour PM 2.5 concentration increased the relative risk for cardiovascular mortality by approximately 0.6%-1.4%.
DNA methylation (global and gene-specific) is a plausible biological mediator of CVD/RD-related events (44) (45) (46) (47) (48) (49) .
Reduced long interspersed nuclear element-1 methylation was not only found to be associated with particulate air pollution (20) but with prevalent coronary heart disease (45), an increase in incidence of ischemic heart disease and stroke (46) , and steeper lung function decline in a cohort of older men from North America (47) . Evidence also suggests effects on methylation specific to airway inflammation: nitric oxide synthase 2a methylation decreased within 24 hours of PM 2.5 exposure (22) . Reduced methylation of inflammation genes.was also associated with acute or intermediate-term exposure to air pollutants (19, (21) (22) (23) (24) 50) .
To our knowledge, this is the first study to explore the mediating role of DNA methylation for short-term associations between PM 2.5 and inflammation biomarkers, based on personal exposure monitoring. Using data from outdoor monitoring stations, the Normative Aging Study showed evidence that decreased ICAM-1 methylation mediated the positive associations between sulfate and ICAM-1, and decreased interleukin-6 methylation mediated the positive associations between ozone and interleukin-6, based on an intermediate-term lag (0-27 days) (23); Bellavia et al. (21) found evidence that decreased Alu methylation mediated the positive associations between PM 2.5 and systolic blood pressure, based on a 130-minute exposure window.
Our finding that methylation change can occur very soon after exposure is in line with an in vitro study by Bruniquel and Schwartz (18) . They found reduction in methylation in loci regulating inflammatory genes in lymphocytes as early as 20 minutes after antigen presentation (18) . In our panel study, the decrease (within 12 hours) in methylation of loci associated with genes that code for TNF-α and sICAM-1 had very similar magnitudes at 0-6 hours and 7-24 hours (data not shown).
While methylation could mediate effects of PM 2.5 on inflammatory biomarkers, one issue that we are not able to address is potential distortion due to effects of PM 2.5 on the distribution of cell types within blood. Our estimated effects on methylation are small (Figure 3) , and we do not have the measures of the blood cell type-specific methylation that would allow us to deconvolve the mix and adjust for changes over time in the relative contributions of specific cell types (51) . There is some support for effects on the distribution of cell types based on a study of young and healthy people who were briefly positioned in locations with air pollution (52) .
Our study has several strengths. The panel study design used personal exposure monitoring over time, which permitted individualized exposure assessment and more accurate estimation of associations. Second, the longitudinal approach allowed each person to serve as their own control, avoiding confounding by time-invariant factors. Third, we measured gene-specific methylation as well as the levels of the associated proteins, which together enabled us to consider mediation. Fourth, each of the proteins studied is known to have a short half-life, which implies that effects in blood of upward changes and effects of downward changes can reasonably be presumed to be equal and opposite, as is implicit in the analysis. Last, because only healthy, nonsmoking college students were enrolled, this study minimized the effects of unhealthy lifestyle, chronic disease, and medication use.
Our analysis is subject to several limitations. First, the relatively small sample size limited our statistical power. Nevertheless, including a larger number of individuals in future studies will be difficult, because assessment of personal exposure is both expensive and burdensome. Second, we measured levels of methylation and protein using the same blood specimen, which can lead to underestimation of mediation effects if there is a lag between changes in methylation and effects on the protein level. Third, formal mediation analysis, as we have carried out for TNF-α, relies on strong and unverifiable assumptions, as we have discussed above. Fourth, correlations between ambient PM 2.5 and other air pollutants from the nearest national air-quality monitoring station, which was about 5 km away from Fudan University, are evidently high (the correlation coefficients during our fieldwork were 0.65 for nitrogen dioxide, 0.67 for carbon monoxide, −0.33 for ozone, 0.65 sulfur dioxide, and 0.87 for PM 10 ) , and the causal exposure could be a pollutant that we did not measure (53) (54) (55) . Finally, the study subjects were young and healthy nonsmokers, which could limit generalizability of the findings.
In summary, this study of young, healthy adults found that short-term exposure to PM 2.5 was associated with both increased levels of inflammation proteins and decreased methylation at CpG loci of the corresponding inflammation-related genes. Epigenetics may mediate the effects of PM 2.5 on inflammation biomarkers. Future work could help elucidate these mediating roles in a more controlled experimental setting.
